Mice overexpressing BAFF develop a commensal flora-dependent, IgA-associated nephropathy by McCarthy, Douglas D et al.
Research article
	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 121      Number 10      October 2011  3991
Mice overexpressing BAFF develop  
a commensal flora–dependent,  
IgA-associated nephropathy
Douglas D. McCarthy,1 Julie Kujawa,2 Cheryl Wilson,2 Adrian Papandile,2 Urjana Poreci,2  
Elisa A. Porfilio,1 Lesley Ward,1 Melissa A.E. Lawson,3 Andrew J. Macpherson,3 Kathy D. McCoy,3 
York Pei,4 Lea Novak,5 Jeannette Y. Lee,6 Bruce A. Julian,5 Jan Novak,5 Ann Ranger,2  
Jennifer L. Gommerman,1 and Jeffrey L. Browning2
1Department of Immunology, University of Toronto, Toronto, Ontario, Canada. 2Department of Immunobiology, Biogen Idec, Cambridge, Massachusetts, USA. 
3Farncombe Family Digestive Health Research Institute, McMaster University, Hamilton, Ontario, Canada. 4Divisions of Nephrology and Genomic Medicine, 
University Health Network and University of Toronto, Ontario, Canada. 5Departments of Pathology, Medicine, and Microbiology,  
University of Alabama at Birmingham, Birmingham, Alabama, USA. 6Department of Biostatistics,  







































































































































Gender-biased development of fatal nephropathy asso-
ciated with dominant IgA and IgM glomerular deposits 
in the BAFF-Tg mice. (A) Cohorts of male and female 
BAFF-Tg mice and WT controls (n = 13–20 each) were 
observed for up to 21 months. Cohorts of BAFF-Tg 
mice for the survival experiments were derived from 
2 homozygous founders called BAFF-1 (original 816 
line) and BAFF-2 (original 823 line) (35), which had 
been rederived after receipt from the Garvan Institute. 
Genome scanning showed that both lines retained 
some DBA2 from the original transgenic derivation 
using DBA2 × B6 F1 mice (BAFF-1, 10%; BAFF-2, 18%). 
The longitudinal study shown here was conducted 
from 2003 to 2005. This study was repeated from 2006 
to 2008, and although onset of severe nephropathy 
was roughly equivalent (30–40 weeks) and the gender 
bias was present, we observed enhanced survival at 
the experiment end compared with that of the 2003 
to 2005 cohort (data not shown). The improved sur-
vival was also recapitulated in BAFF-1 homozygous 
mice that retained only 4% DBA2 (see further discus-
sion of this topic in the Methods). (B) Representative 
WT (6 months) and BAFF-2 Tg kidney tissues reveal 
increased mesangial matrix in BAFF-Tg mice (PAS 
stain; original magnification, ×200). (C) Representative 
IgA, IgG, and IgM deposits in BAFF-1 Tg mice versus 
WT mice (original magnification, ×200).
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BAFF-Tg mice develop glomerulonephritis with dominant IgA deposits. 
BAFF-Tg mice from 2 independently derived lines had a short-
ened lifespan in our colony, and most mice developed fatal/severe 















































Dramatically elevated serum IgA in BAFF-Tg mice correlat-
ing with serum BAFF levels. Autoreactivity is limited to the 
IgM isotype. (A) Serum IgM, IgG, and IgA levels in a cohort 
of BAFF-1 Tg mice and BAFF-2 Tg mice at 3 to 4 months 
of age compared with those of matched WT controls. (B) 
Serum levels of IgA, but not IgM or IgG, are correlated 
with serum BAFF levels, as measured by ELISA in the 
BAFF-2 female cohort in A. (C) Antinuclear autoreactivity 
is observed only in the IgM isotype in BAFF-1 Tg mice. 
Antichromatin and (D) anti-dsDNA antibodies were evalu-
ated in male BAFF-1 Tg mice and C57BL/6 mice (both 
6 months old). Open circles show serum autoantibody lev-
els from a diseased 3-month-old MRL/lpr mouse for refer-
ence. Individual symbols represent individual mice; horizon-
tal bars represent the mean ± SEM. F, female; M, male.
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Accumulation of underglycosylated IgA and polymeric IgA in the serum 
of BAFF-Tg mice. (A) After IgA capture with an isotype-specific anti-
body, samples were or were not pretreated with neuraminidase, and 
the glycosylation state was then probed with RCA-1 lectin to detect 
terminal galactose residues. Relative levels of glycosylation are 
expressed as a binding ratio (OD lectin detection/OD anti-Ig detec-
tion). For reference, a mouse myeloma monoclonal IgA that had low 
levels of terminal galactose gave ratios of 0.1 and 0.25 (– and + neur-
aminidase, respectively). Individual symbols represent individual mice; 
horizontal bars represent the mean ± SEM. (B) Size-exclusion chro-
matography fractionation of IgA in sera of male C57BL/6 and male 
BAFF-1-Tg mice, showing the highly polymeric nature of the IgA and 
increased concentration of IgM in the BAFF-Tg mice.
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Commensal signals are required for serum hyper-IgA and 





























Evidence for commensal specificity of serum IgA from 
BAFF-Tg mice. (A) Lysed commensal bacteria or labo-
ratory strain E. coli were used as the target antigens in 
a Western blot, using serum or fecal supernatant from 
WT or BAFF-2 Tg (B-Tg) mice as primary antibody and 
anti–IgA-HRP as secondary antibody. Blots shown are 
representative of 3 independent experiments. (B) Serum 
IgA (top) and IgG levels (bottom) from ASF-reconstituted 
GF WT mice versus BAFF-2 Tg mice were examined by 
flow cytometry for specific surface binding to intact Lacto­
bacillus murinus, a verified bacterial species retrieved 
from the intestinal wash of ASF-colonized mice.
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Commensal bacteria are necessary for hyper-IgA syndrome in BAFF-Tg mice. (A) Serum IgA measured from SPF and GF C57BL/6 (WT) and 
BAFF-2 Tg mice measured by ELISA. At least 4 mice were analyzed per group (***P < 0.001). (B) Immunofluorescence staining of frozen sec-
tions of kidneys from SPF and GF C57BL/6 and BAFF-2 Tg mice stained for IgA (green). Images are representative of analysis of at least 8 mice 
per group (original magnification, ×100). Arrows identify glomeruli that do not exhibit IgA deposition. (C) Representative FACS profiles of IgA+ 
PCs in the gut LP of SPF versus GF C57BL/6 and BAFF-2 Tg mice. (D) Quantification of IgA+ PCs from C. Analysis was performed on 12-week-
old BAFF-2 Tg mice versus C57BL/6 mice. Note that BAFF levels in GF BAFF-2 Tg mice were approximately equal to those observed for SPF 
BAFF-Tg mice (1,733.2 ± 660.8 pg/ml; n =12). LPL, LP lymphocyte. Bars in A and D represent the mean ± SEM. *P < 0.05, ***P < 0.001.
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Hyper-IgA phenotype in BAFF-
Tg mice is restored upon recolo-
nization with commensal flora. 
(A) Average serum IgA levels 
in GF C57BL/6 (n = 5) and 
BAFF-2 Tg (n = 7) mice after 
introduction of ASF at 6 weeks 
of age as measured by ELISA. 
*P < 0.05. (B) Representa-
tive FACS and (C) frequency 
of IgA+ PCs isolated from small 
intestinal LP of C57BL/6 and 
BAFF-2 Tg mice after 45 days of 
recolonization. ***P < 0.01. (D) 
Representative images of IgA 
immunofluorescence staining of 
frozen sections of kidneys from 
C57BL/6 and BAFF-2 Tg mice 
recolonized for 45 days (origi-
nal magnification, ×200). Arrows 
indicate individual glomeruli. (E) 
Representative FACS analysis 
and (F) quantification of IgA+ 
PCs in different anatomical sites 
after commensal recolonization 
contrasted with SPF BAFF-2 Tg 
mice. A GF reconstitution experi-
ment was performed twice with 
similar results on 8-week-old 
BAFF-2 Tg mice versus age-
matched C57BL/6 mice. Spl, 
spleen. Bars in A, C, and F rep-
resent the mean ± SEM.
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Loss of IgA restores kidney function in 
BAFF-Tg mice. Male BAFF-1 Tg mice bred 
onto a WT or IgA-deficient background 
were assessed at 13.5 to 15 months of 
age for the renal damage parameters: 
(A) hematuria, (B) urinary ratio of micro-
albumin/creatinine, and (C) urinary ratio of 
total protein/creatinine. 36 IgA+/+, 28 IgA–/–, 
72 BAFF-Tg × IgA+/+, and 48 BAFF-Tg × 
IgA–/– mice were used, except for hematuria 
assessment, for which 21 IgA+/+, 23 IgA–/–, 
50 BAFF-Tg × IgA+/+, and 33 BAFF-Tg × 
IgA–/– animals were analyzed ± SEM. Indi-
vidual symbols represent individual mice; 
horizontal bars represent the mean ± SEM.
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Elevated APRIL and less affected BAFF levels in the serum of patients 
with IgAN. Sera from 2 separate groups of biopsy-confirmed patients 
with IgAN, cohort 1 (Toronto) and cohort 2 (Alabama), were subjected 
to ELISA quantification of BAFF and APRIL. Box and whisker plots show 
the 5%–95% limits of the range, and significance was determined by the 
Mann-Whitney test. The numbers represent the number of patients.
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